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Abstract 
An economic model for determining the optimal automation level for discrete batch manufacturing is presented. The model de-
scribes how the costs of parts varies between manufacturing systems of different types at differing automation levels, the part costs 
often being highly dependent upon the automation level selected. The optimal automation level in a given case can be determined 
using a relative help variable, one expressing the ratio of the equipment costs to the sum of the salary and the equipment costs per 
hour. A case study is used for exemplifying use of the model, indicating what broad application it can have. 
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1. Introduction 
The relative extent to which manual work or, in con-
trast, machine-based processing is selected for carrying 
out a manufacturing task varies with the production con-
ditions that are present. Optimal automation level is im-
portant in order to realize a resource efficient manufac-
turing and achieving a long-term sustainable production. 
The degree or extent to which an automated, i.e. ma-
chine-based, approach is employed is referred to in the 
literature as the “Level of Automation” [1, 2]. A variety 
of definitions and systems of classification have been 
used for describing the level of automation [3]. Both the 
physical processes and the information processing in-
volved can be automated. Depending upon the hierarchic 
levels a manufacturing company employs, one can speak 
either of “level of automation” or “degree of automa-
tion” or both, as shown in Figure 1, a further develop-
ment of the scheme presented by Kullberg et.al. [3]. 
 Often, in the international literature, no distinction is 
made between the level of automation (LoA) and the 
degree of automation (DoA), “level of automation” 
(LoA) being used as the general term, without account 
being taken of the hierarchic level involved or what it is 
exactly that is auto-mated. 
 
Fig. 1. Distinction between LoA and DoA. 
In the case of serially coupled processes, an increase 
in the level of automation often leads to greater suscep-
tibility to disturbances. Since certain elements involved 
in production of many types can be particularly difficult 
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and costly to automate, the decision is often made to 
introduce use of partial automation [4]. Automated man-
ufacturing processes and the production costs these en-
tail can be considered in terms of two opposing ex-
tremes, those of too low and of too high a level of auto-
mation. The reasons for selecting a certain level of au-
tomation vary with the type of manufacturing at hand. 
The two dominant motives this can entail are those of 
achieving a cost-effective manufacturing process and of 
reducing the negative effects of working environments 
that can be a danger to health.  
If the automation level selected is too low, salary 
costs are high in relation to equipment costs, at the same 
time as the production rate (long cycle time t0) tends to 
be low. Under certain conditions, the quality of the units 
produced can be improved by an increased level of au-
tomation. A low automation level often results in a high 
degree of flexibility and, accompanying this, the possi-
bility of producing a greater mixture of different prod-
ucts through a shortening of the setup time, Tsu. If the 
automation level is too high, equipment costs are high in 
relation to salary costs, at the same time as the produc-
tion rate (short cycle time t0) tends to be high as well. 
Production of this type is often characterized, not only 
by a high production rate, but also by a low degree of 
flexibility of the production process, long setup times Tsu 
and a high degree of sensitivity to disturbances qS. For 
this reason, a production system with a high automation 
level requires that a high production level be achieved in 
order for it to be particularly profitable.  
2. Aim, limitations and method 
The aim of the study is to present an economic model 
and a formalized approach to studying the following:  
x The part costs that different types of manufacturing 
systems, and use of different levels of automation in 
connection with them, result in.  
x The effects that demand for a characteristic part and 
the size of the part batch size manufactured have on 
part costs with use of different production systems 
and different levels of automation.   
The study reported on, which is of generic character, 
can be applied to different types of manufacturing within 
different product areas. In the cases considered here, the 
model is adjusted to the manufacture of discrete series 
involving a product of a particular type. In the case study 
taken up, the batch size of N0 varies between 102 and 104 
parts, the manufacture of which takes place 10 – 30 
times a year. One of the production systems that the case 
study deals with (system D) can be considered as a ref-
erence system. For that system, a very rich body of in-
formation concerning cycle times, downtime rates, costs, 
etc. is available [5, 10]. All reported cases A-F are based 
on full utilization, URP = 1.0. 
3. Generic cost model for characteristic part 
Although many different cost models have been de-
scribed in the literature by Jönsson [6], few of these are 
sufficiently detailed to allow one to assess, compute or 
simulate in a precise way part costs in relation to various 
technical or organizational parameters. Models for deci-
sion support in production development, including losses 
and improvements have been presented in particular by 
H. Yamashina and T. Kubo [7] and by N. Chiadamrong 
[8]. The present authors [6, 9] have published a cost 
model based on Equation 1, one that includes the param-
eters of central interest along with the variables that af-
fect part costs, these involving loss terms concerning 
rejects (qQ), downtimes (qS), rate losses (qP) and material 
waste (qB). The parameters kCP and kCS are equipment 
costs per hour for production and for downtimes for a 
given machine or production line. 
 
hRWTnoHSeGMCMAM
d
pb
RP
RP
su
PSQ
Dop
c
pb
RP
RP
su
S
S
PQ
CS
cPQ
CP
bBQ
B
apA
A
KKK
N
KKK
N
T
U
UT
qqq
Nt
N
kn
T
U
UT
q
q
qq
Nt
N
k
qq
Nt
N
k
qqN
K
nN
Kk
)(1)(1
1
)1)(1)(1(60
1
)1()1)(1(60
)1)(1(60
)1()1(
11
00
00
0
2
00
0
1
00
0
00

»»¼
º
««¬
ª 

»»¼
º
««¬
ª 
»»¼
º
««¬
ª

»»¼
º
««¬
ª
»»¼
º
««¬
ª 
 
 
 
 
 
 
 
(1) 
 
Definitions of the parameters and variables included 
in this cost model are presented below.  
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(2) 
where: kA = Equipment costs per acceptable part,  KA 
= Total costs of the tool employed, N0 = Series size 
aimed at (average batch) and npA = Number of batches of 
average size the tool can be used to produce.   
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0
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(3) 
where: kM = Maintenance costs per part, KAM = 
Maintenance costs per part for the tool,   KCM  = Mainte-
nance costs per part for the machining equipment and 
KGM = Maintenance costs per part for the auxiliary 
equipment. 
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(4) 
where: kH = Complementary costs per part, KHS = 
Costs per batch for handling, stock and buffers, KTno = 
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Costs per batch for non-operational time and KRW = 
Costs per batch for reworking. 
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(5) 
where: qQ = Rejection rate, N0 = Batch size aimed at 
and N = Total number of parts or material components. 
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(6) 
where: qS = Downtime ratio,  t0 = Nominal cycle 
time, tS = Downtime per part and tP = Production time 
per part. 
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(7) 
where: qP = Lengthening of cycles, t0 = Nominal cy-
cle time and t0v =  True cycle time. 
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where: Tp = Batch production time, Tsu = Setup time 
for a given batch, N0 = Series size needed and N = Total 
number of  parts or material components. 
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T
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where: tpb = Average production time for a part in a 
batch containing and N0 acceptable parts. 
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where: KB = Total material costs of a batch, kB0 = 
Material costs of a part, qB = Material loss per manufac-
tured part, mtot = total mass of raw material needed for 
manufacturing a part  and mpart = mass of material in a 
finished part. 
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 (11) 
where: URP = Reduced degree of utilization, Tprod = 
Total production time, Tplan = All paid time the maximal 
production time planned requires Tpb = Production time 
for a batch containing and N0 acceptable parts and Tfree,b 
= Extra time needed per batch. 
A computational approach applicable to item two 
above, based on the assumption of an even distribution 
of costs for capital and the consideration of planned ren-
ovations and planned maintenance during the planned 
lifetime of the equipment, is reported in Equations 12-
15. In the present case, 
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Where: af is the annuity factor computed according to   
Equation 14, K0 is the basic investment made, kren de-
scribes the current size of the renovation costs, ex-
pressed as a share of the basic investment, Nren is the 
number of renovations carried out which, alongside the 
ordinary maintenance, are needed during the planned 
period of use of the equipment, expressed in terms of n 
years. The number of renovations can be computed as 
the whole-number portion (trunc(x)) of the ratio of the 
total number of work shifts n∙Tplan/hy to the size of the 
renovation intervals nsyren, i.e. the number of shifts be-
tween successive renovations. In view of the fact that the 
equipment would very likely not be renovated just prior 
to its use being discontinued, it can be appropriate to 
subtract one from the number of renovations otherwise 
arrived at, i.e. to use the sum (Nren-1). The product Y∙kY 
represents the costs per year for the space the equipment 
occupies, i.e. Y, the size of this space, times the costs per 
square meter of it, kY. The planned maintenance cost per 
hour is designated as kMh, and hP,M is the number of 
hours that the equipment is in operation per hour of 
maintenance work carried out. The machine costs while 
the equipment is in operation are designated as kph. The 
machine costs in the case of downtimes kCS can be com-
puted by reducing the result that Equation 13 provides 
by the costs connected with Tplan. In many different pro-
cesses, such as those of heat treatment, the melting of 
different materials and the vulcanization of large rubber 
components, the difference between KCP and KCS can be 
very large. This can motivate a dividing up of the 
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equipment costs into those connected with production 
and those connected with downtimes, no energy use tak-
ing place in the latter case. The projected maintenance 
costs in Equation 1 (Equation 3) must be excluded if the 
Equation 12 is used. In these cases, Equation 3 may be 
used to describe more urgent repairs than planned 
maintenance. 
 When material costs (term b in Equation 1) domi-
nate, it is appropriate to subtract the nominal part costs 
kB = KB/N0 from the computed part costs. Doing so re-
sults in a higher degree of resolution of the computations 
carried out, at the same time as attention should be paid 
to loss of the term 1/(1-qQ)(1-qB).           
The product nopkD (= KD) in Equation 1 represents 
salary costs per hour for carrying on production there, 
where nop is the number of operators involved and kD is 
the average cost per hour. 
4. Methods Employed and Use of an Expanded Part 
cost model 
The level of automation can be described indirectly in 
terms of the relationship between the equipment costs 
per hour and the salary costs per hour, as shown in Equa-
tion 16. 
opDCP
CP
DCP
CP
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(16) 
The ratio xaf is termed the automation factor. It varies 
in value between 0 and 1.0. Production when xaf = 0 is 
entirely manual, the equipment costs being negligible, 
whereas when xaf = 1.0, it is salary costs which are neg-
ligible, production being completely unmanned.  
The automation factor xaf can be used to characterize 
different production systems in terms of cost. Introduc-
ing the automation factor xaf in Equation 1 as a help var-
iable allows different production systems and how viable 
they are to be compared.    
In order to be able to compare different production 
systems, it is necessary that the performance of each of 
them be known, unless reasonable assumptions regard-
ing this based on experience or on observations can be 
made. The following formalized steps can be taken as a 
basis for inserting the automation facto xaf into computa-
tions:  
1. Configure a variety of different alternative produc-
tion systems and compute for each of these the total 
salary costs per hour KD and the total equipment cost 
per hour kCP, together with the automation factor xaf 
in question.   
2. For each of these production systems, compute or 
determine in some other way the numerical value and 
the variance of each of the production parameters of 
interest contained in Equation 1. 
3. Plot the numerical relationship between these pro-
duction parameters and the automation factor xaf in 
the manner shown in Table 1. 
4. Determine the analytical relationships of relevance 
found between these production parameters and the 
automation factor xaf. 
5. Insert the analytical relationships revealed in point 
four into Equation 1, which leads to the part costs be-
ing shown as a function of the automation factor xaf 
together with such factors as the batch size N0, the all 
paid production time per year that is planned Tplan, 
the technical lifetime of the system n and capital 
costs p expressed as the % of these per year. 
6. Determine the minimum of the part costs through 
derivation based on the automation factor xaf, using 
Equation 17.  
7. Analyze the different production systems by varying 
the parameters involved and studying the results in 
each case.  
Table 1: Examples of different parameters shown as a function of xaf.  
Parameters Data and adjusted functions 
Nominal cycle time, t0 
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Information concerning performance of a system and 
its variance is of critical importance but is also difficult 
to assess (point two). The parameters that need to be 
determined for a given production system include those 
of cycle time t0, setup time Tsu, downtime rate qS, rejec-
tion rate qQ, loss in tempo under varying conditions qP, 
material waste qB, costs of planned maintenance and 
costs of additional maintenance. Examples of data of this 
sort are presented in Table 1, were the circles and red 
lines representing the data and the mathematically ad-
justed results, respectively, the blue lines representing 
the assumed variance of the data.  
Experience has shown it to be advantageous to make 
use of polynomial relationships in which the number of 
constants is less than the number of configured systems. 
In the present case, level three polynomials have been 
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adjusted using as least-squares method for describing 
five alternative production systems (point four). 
After inserting the relationship obtained into Equation 
1, as exemplified in Table 1, one is able to compute the 
part costs as a function of the automation factor xaf, as 
well as of other variables. Doing this enables all of the 
parameters considered to be shown as a function of the 
automation factor xaf. This is shown below in a some-
what simplified cost context with use of Equation 17.  
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The automation factor xaf, in turn, is dependent upon 
the variables and parameters involved in the relationship 
reported earlier that was determined by use of Equations 
12 – 15, i.e. xaf = xaf(K0,n,p,Tplan). The lowest part costs 
as determined by use of the automation factor xaf can be 
computed by deriving the part costs and finding the val-
ue of the automation factor xaf for which the cost deriva-
tive is found, by use of Equation 18, to be zero. At the 
same time, one should be clear regarding the fact that the 
cost equation provides either a maximum or a minimum 
value.  
0)(  af
af
xk
dx
d  (18) 
 
If the planned production time Tplan is known, the 
production capacity PC can be computed, again in ap-
proximate terms, using Equation 19. 
mean
meanpb
Plan N
T
TPC ,0
,
  (19)  
It´s then possible to express how the production ca-
pacity PC depended on xaf, vary from one type of pro-
duction system to another, and from one batch size N0 to 
another.  
5. Case study 
Application of the model described will be illustrated 
in a case study involving a production line in which 
there are six separate stations each part passes through, 
the respective functions these perform being the follow-
ing: 1. Format-cut of blanks, 2. Plastic forming, 3. Vari-
ous punching operations, 4. Cleaning of parts, 5. Quality 
control, 6. Assembly, involving welding. 
In the production line, a family of different sheet 
metal parts of varying batch size N0 is manufactured. 
The cycle time’s t0 for the different part types are about 
the same. A production goal which is aimed at is to 
manufacture some 300,000 parts a year, involving an 
average batch sizes of N0 = 1000 parts. 
1 2 3 4 5 6Conf. F
1 2 3 4 5 6
1 2 3 4 5 6
1 2 3 4 5 6
1 2 3 4 5 6
Conf. D
Ref. 
system
1 2 3 4 5 6
Conf. E
Conf. C
Conf. B
Conf. A  
Fig. 2: Production system A-F differing in (DoA) and the extent they 
are manned. 
The tasks carried out in a given segment of the pro-
duction process can be automated to differing degrees by 
use of handling equipment, sensors and control equip-
ment in combination with differing numbers of opera-
tor’s nop. Under low-automation conditions in a produc-
tion system, somewhat simpler equipment can be used in 
stations 2 and 4. In each of the separate cases consid-
ered, shown in Figure 2, there are six alternative types of 
production systems A-F that can be employed. The data 
and the conditions involved for the different cases con-
sidered are presented below. Table 2 concerns primarily 
the economic data and Table 3 the data decided upon or 
assumed to apply for each of the production systems A-
F. The respective parameter values shown in Tables 2 
and 3 for each of the production systems A-F have been 
obtained by use of a polynomial of the 3rd or 4th order, 
as exemplified in Table 1. The respective polynomials 
for batch values of N0 were inserted into Equation 1, 
yielding Equation 17 and the functions it contains.  
Table 2. Data for each of the production systems A-F 
 Production systems  
 A B C D E F Comments 
K0 12 13 25 36 52 64 Investment x106 
p 0.07 0.07 0.07 0.07 0.07 0.07 Interest on capital    
n 15 15 12 12 10 10 Time of use in years 
Tplan 7000 6400 5600 5200 4800 4800 h/year 
kren 0.1 0.1 0.15 0.15 0.15 0.15 renovation/year 
Y 250 250 200 175 150 150 Surface in m2 
kY 1600 1600 Costs in SEK/m2 
hy 8 8 8 8 8 8 h/shift and year 
kM 200 200 300 400 500 500 Costs in SEK/h 
hP,M 80 80 60 40 20 20 h/h( of maintenance) 
kp 100 100 150 200 200 200 SEK/h 
nsyren 20 20 15 12 12 12 Number of years 
kB 400 400 400 400 400 400 Material, SEK/part 
kD 75 75 250 275 350 400 SEK/h 
nop 9 8 4 3 2 1.5 No. operators 
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Table 3. The nominal values for production parameters for each pro-
duction system. 
 xaf 
[-] 
t0  
[min] 
qQ 
[-] 
qS 
[-] 
qB 
[-] 
Tsu 
[min] 
A 0.36 2.0 0.02 0.15 0.12 300 
B 0.38 1.5 0.04 0.15 0.12 300 
C 0.45 1.0 0.05 0.20 0.10 200 
D 0.61 0.55 0.05 0.35 0.08 240 
E 0.73 0.30 0.02 0.45 0.07 280 
F 0.79 0.25 0.02 0.60 0.07 360 
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Fig. 3. The production capacity PC in terms of the number of 103 parts 
produced per year.  
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Fig. 4. Part costs k shown as a function of the automation factor xaf for 
each of the production systems A-F. 
The computed production capacity PC in terms of this 
number of thousands of parts produced per year is re-
ported for each of the systems in Figure 3. Figure 4 pre-
sents the part costs for each of the production systems A-
F for batches for which the average size N0 is assumed 
to differ. As can be seen, the production system which is 
optimal in terms of part costs depends upon the batch 
size. The model shows that systems A and B are compet-
itive when the batches employed are of rather small size, 
due to the setup times then being shorter and the sensi-
tivity to disturbances less. At the same time, the produc-
tion capacity under such conditions is limited by the 
relatively long cycle times these two systems have. In 
the present case study, the maximal production capacity 
PC and the lowest part costs are not found at one and the 
same value for the automation factor xaf.  
6. Conclusion 
The model that was developed enables one to study, 
for many different variables, the effects these have on 
the part costs and on the production capacity in produc-
tion systems of differing configuration. Use of both the 
model and the approach reported on here has been ex-
plored in a case study in which production system D 
serves as a reference system, one for which both the data 
to be employed and the conditions involved are known. 
Many other systems can be configured on the basis of 
extrapolations of data from system D.  
Inconsistencies between computed part costs based 
on values obtained for discrete parameters and those 
based on fitted parameter values simply reflect, as 
shown in Table 1, how successful the fitting of the pa-
rameter or parameters in question has been. Use of con-
tinuous functions for fitting purposes reduces the num-
ber of production systems that need to be studied in or-
der to adequate visualize and comprehend the relation-
ships that exist.  
The automation factor xaf is not a clearly defined var-
iable since, for any given production system, it varies, 
depending on where the production takes place.  
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